Hypothesis: Radiofrequency ablation (RFA) for hepatocellular carcinoma (HCC) can be performed by percutaneous or surgical approach. Tumor size is an important consideration while deciding the treatment approach.
H
EPATOCELLULAR CARCInoma (HCC) is the fifth most common malignancy in the world. 1, 2 Although HCC is more prevalent in Asia and Africa, its incidence is on the rise in the Western countries. 3, 4 The resectability rate of HCC is limited to only 20% to 37% because of various factors, including multifocal and bilobar disease and poor liver function reserve as a result of underlying cirrhosis. 5, 6 Liver transplantation is an alternative curative treatment for small unresectable HCC, but organ shortage limits its applicability. 7, 8 Hence, various locoregional therapies have been developed for unresectable HCC. 9 Radiofrequency ablation (RFA) is one of the most recent local ablative therapies for unresectable HCC, with a high complete ablation rate of 85% to 95% for HCCs 3 cm or less in diameter. [10] [11] [12] [13] [14] Recent advances in RFA technology, such as the development of an internally cooled cluster electrode, have enabled ablation of medium and large tumors. 15 Recent studies have demonstrated the safety and feasibility of RFA for medium and large lesions. [16] [17] [18] [19] [20] Radiofrequency ablation has been shown to have a significant impact on the management of HCC in specialized centers 21 and even has been proposed as an alternative to surgical resection for liver tumors in patients who have had prior live resection. 22 Radiofrequency ablation was initially started by radiologists as a percutaneous treatment, 23, 24 but surgeons started to use RFA by surgical approach for patients with tumors at locations difficult for the percutaneous procedure. Given the absence of randomized trials, there is no consensus about which route is the best, 25 and a limited number of studies have reported controversial results. [26] [27] [28] In a recent meta-analysis of 5224 liver tumors treated by RFA, the treatment approach was found to be a significant independent factor for local recurrence, and the authors recommended the open surgical approach because of its superior local tumor control. 29 However, the impact of the analysis is limited by the fact that tumors with different pathologic diagnoses with variable biological behavior were combined and various types of electrodes and techniques were used in different studies. In the current study, we compare the outcome of the percutaneous approach with that of the surgical approach of RFA for HCC in relation to the tumor size in a series of patients treated by a team of radiologists and surgeons in a standardized fashion.
METHODS
Between May 1, 2001 , and September 30, 2005 , 258 patients with HCC underwent RFA treatment at Queen Mary Hospital, Hong Kong, China. Patients who had RFA performed with a palliative intention (n=3), as an emergency procedure for hemostasis of ruptured HCC (n=15), or with a tumor size greater than 5 cm (n=12) were excluded from this study. The other 228 patients with a tumor size 5 cm or less and 3 or fewer tumor nodules who underwent elective RFA with a curative intent were the subjects of this study. These patients were divided into 2 groups depending on the largest tumor size according to a recent international proposal 30 : group 1 had a tumor size 3 cm or less in diameter (small HCC; n=155), and group 2 had a tumor size 3.1 to 5 cm (medium HCC; n=73). Groups 1 and 2 included 55 and 25 patients, respectively, who had resectable HCC but were treated with RFA in a prospective randomized trial in which resection and RFA for HCC 5 cm or less in diameter were being compared. The other patients were not candidates for surgical resection because of poor hepatic function reserve (n=118), bilobar tumors (n=16), or high surgical risk (n=6). Another 8 patients elected RFA as a treatment modality despite having resectable disease. General criteria for exclusion from RFA in our center include extrahepatic disease, more than 4 tumor nodules, tumor larger than 8 cm, Child-Pugh class C liver cirrhosis, and refractory ascites. Patients with Child-Pugh class B cirrhosis who had significant portal hypertension as reflected by a platelet count of less than 50ϫ10 3 /µL (to convert to ϫ10 9 /L, multiply by 1) or significant ascites were also excluded from RFA. The diagnosis of HCC was suggested by imaging findings and ␣-fetoprotein levels and confirmed by fine-needle aspiration cytologic or core biopsy.
All RFA procedures were performed by a dedicated team of hepatobiliary surgeons and interventional radiologists (R.T.P.P., K.K.N., J.Y., H.T., J.T., S.T.F.), with a standard protocol using a cool-tip RFA system (Radionics Inc, Burlington, Massachusetts). A single electrode with a 2-cm or 3-cm exposed tip was used for small tumors, and a cluster electrode consisting of 3 parallel electrodes was used for medium tumors. The ablation was performed using an automatic impedance control mode. Each ablation cycle lasted for 6 to 12 minutes. The cluster electrode can produce an ablation zone with a maximum diameter of 5 cm. 31 In general, multiple overlapping ablations were required for tumors greater than 3 cm in diameter, but the use of multiple overlapping ablation also depends on morphology of the tumor. We aimed at ablation of all tumors with a curative intent, with a margin of 1 cm if feasible, in a single session of RFA.
Each patient was discussed in a team meeting before the appropriate approach was decided. Patients with tumors located in a position amenable to percutaneous RFA were treated by this approach. Surgical approach was offered in the following circumstances: tumor morphology required multiple ablations even with the cluster electrode; tumors located near the dome of the liver, for which percutaneous ablation might cause pneumothorax or damage to the diaphragm; or tumors located near the visceral organs such as the gallbladder, colon, or stomach. In select patients who had not undergone a previous upper abdominal operation, a laparoscopic approach was used if tumor position was favorable. Because only 20 patients were treated by the laparoscopic approach, these patients were grouped with open RFA for the purpose of comparison in this study.
Percutaneous RFA was performed in 117 patients by interventional radiologists, under ultrasonographic guidance in most cases, after the patient had received local anesthesia and intravenous sedation. Six patients underwent a computed tomographic (CT)-guided RFA for lesions not visible on ultrasonography. Surgeons performed open (n=91) or laparoscopic (n=20) RFA under intraoperative or laparoscopic ultrasonographic guidance. The Pringle maneuver was not used. Bile duct cooling with cold saline was performed in 22 patients for tumors located near the hilum to prevent thermal injury of the hepatic ducts. On laparoscopy or laparotomy, additional tumor nodules not shown in preoperative imaging were found in 5 patients (4.5%), and larger tumor size (Ͼ0.5-cm difference) compared with preoperative imaging was found in 20 patients (18%). None of the patients were found to have extrahepatic disease that precluded RFA.
Clinical data were collected prospectively. The treatment protocol and data collection were approved by the institutional review board of our institution. The clinical data and treatment outcome in the 2 groups of patients with 2 different treatment approaches were compared. The outcome measures were complete ablation rate, post-RFA complications, treatmentrelated mortality, and disease-free and overall survival. Response to RFA was assessed by helical CT scan 1 month after RFA. Complete ablation was defined as the absence of any peripheral enhancement in the arterial phase at the ablation site. A complication was defined as any adverse event after RFA, excluding pain or transient febrile response. Treatment mortality was defined as any death within 30 days after RFA.
All patients were monitored with measurement of serum ␣-fetoprotein level, chest radiography, and CT scan every 3 months for any intrahepatic recurrence or distant metastasis. Local recurrence was defined as recurrence within or at the periphery of the ablated lesion on subsequent CT scans after complete ablation was documented on the first post-RFA CT scan. Distant intrahepatic recurrence was defined as a new tumor that appeared in the liver separate from the ablated area. Extrahepatic metastasis refers to any recurrence outside the liver.
Continuous data were expressed as mean (SD). Groups were compared using the 2 test (or Fisher exact test when appropriate) for nominal variables. The t test was used for continuous variables in a parametric fashion, whereas the Mann-Whitney U test was used for nonparametric data. Survival was estimated using the Kaplan-Meier method and compared using the logrank test. All statistical analyses were performed using the SPSS 11.5 for Windows statistical package (SPSS Inc, Chicago, Illinois). A P value of Ͻ.05 was considered statistically significant.
RESULTS
Outcome after RFA by either percutaneous or surgical approach was compared in 155 patients with small HCC and 73 patients with medium HCC. Table 1 shows the baseline characteristics of 155 patients with small HCC who underwent percutaneous (n=92) or surgical (n=63) RFA. The 2 groups were similar in age, sex, positive results for hepatitis B and C serologic testing, and comorbid illnesses. Cirrhosis was more prevalent in the surgical group. The distribution of Child-Pugh class was similar, and the majority of the patients had Child-Pugh class A cirrhosis in both groups. A significantly higher proportion of patients in the percutaneous group had recurrent HCC after previous hepatic resection. Serum total bilirubin level, indocyanine green retention at 15 minutes, and serum ␣-fetoprotein level tended to be higher, whereas platelet counts were lower in patients who underwent surgical RFA, but the difference were not significant. Serum albumin level was similar in the 2 groups. Table 2 shows the baseline characteristics of 73 patients with medium HCC who underwent percutaneous (n=25) or surgical (n=48) RFA. The sex distribution was similar, but patients in the percutaneous group were significantly older. The prevalence of hepatitis B viral infection was higher in patients with the surgical approach, but the distribution of hepatitis C viral infection, underlying cirrhosis, Child-Pugh class, and comorbid illnesses was not statistically different between the 2 groups. Patients in the surgical group tended to have a higher incidence of multiple tumors (23% vs 8%), but the difference was not statistically significant. Serum total bilirubin level was significantly higher in the percutaneous group, but serum albumin level and indocyanine green retention at 15 minutes were comparable in both groups. Table 3 depicts the treatment data for patients with small HCC. Percutaneous RFA was performed under ultrasonographic guidance in 86 patients and under CT guidance in 6 patients. In the surgical group, 16 patients underwent a laparoscopic RFA, while 47 patients had laparotomy.
PATIENT CHARACTERISTICS

TREATMENT DATA, MORBIDITY, AND MORTALITY
The proportion of patients with 1 tumor was similar, but the proportion of patients with 3 tumors was significantly lower in the percutaneous group. Mean tumor size was also significantly smaller in the percutaneous group. Hepatic function in terms of day-7 albumin and bilirubin levels after RFA was significantly worse in the surgical group. The incidence of postoperative complications (21% vs 5.4%) was significantly higher in the surgical group. In the percutaneous group, 5 patients had a total of 8 complications, including thrombosis of the main lobar portal vein (n=1), ascites requiring treatment (n=1), skin burn at the RFA site (n=1), pleural effusion (n=1), severe abdominal pain (n=1), prolonged ileus (n=1), and urinary tract infection (n=2). In the surgical group, 13 patients had 16 complications, including intrahepatic hepatic artery pseudoaneurysm (n=1), thrombosis of the main lobar portal vein (n=1), ascites requiring treatment (n=3), cardiac arrhyth- mias (n=2), chest infection (n=3), pleural effusion (n=2), atelectasis (n=1), renal failure (n=1), unexplained sepsis (n=1), and wound infection (n=1). There was no treatmentrelated mortality in either group. The proportion of patients requiring intensive care admission was significantly higher and overall hospital stay was significantly longer in the surgical group. Table 4 shows the treatment data for patients with medium HCC. Percutaneous RFA was performed under ultrasonographic guidance in all patients, whereas 4 patients underwent laparoscopic RFA in the surgical group.
More patients had multiple tumors ablated in the surgical group, and mean tumor size was also significantly larger compared with the percutaneous group. Postoperative day-7 hepatic function, intensive care admission, and the incidence of postoperative complications were comparable in the 2 groups. In the percutaneous group, 6 patients had 1 complication each, including acute myocardial infarction (n=1), renal failure (n=1), chest infection (n=1), loculated infected collection at the ablation site (n=2), and skin burn at the RFA site (n=1). In the surgical group, 5 patients had 1 complication each, including bile duct stricture (n=1), ascites requiring treatment (n=1), pleural effusion (n=1), atelectasis (n=1), and unexplained chest pain (n=1). There was no treatment-related mortality in either group. Overall hospital stay was significantly longer in the surgical group. Table 5 shows the follow-up data of patients with small HCC. Overall, complete tumor ablation was achieved in 95% of patients in both the percutaneous and surgical groups after a single session of RFA. In the percutaneous group, 4 patients had residual tumors at the ablated site detected by 1-month post-RFA CT scan and were considered to have had incomplete tumor ablation. In addition, another 8 patients had new tumors distant from the ablation site at 1 month post-RFA CT scan; the tumors were either missed by imaging at the time of initial ablation or represented disease progression post-RFA. These patients were retreated with RFA (n=8) or chemoembolization (n=3), except for 1 patient with multiple tumors deemed not suitable for further treatment. Similarly, 3 patients in the surgical group had incomplete tumor ablation, while another 5 patients had new tumors at 1 month post-RFA CT scan. Retreatment was performed in 7 patients, including RFA in 3 patients and chemoembolization in 4 patients. One patient could not be treated further because of poor liver function.
COMPLETE ABLATION RATE AND FOLLOW-UP RESULTS
After a mean follow-up of 19 months, 33 patients (36%) in the percutaneous group and 26 patients (41%) in the surgical group developed recurrence (P=.50). Table 5 shows similar distribution of recurrent HCC in both groups.
The 1-year and 3-year overall survival rates were 91% and 71%, respectively, in the percutaneous group, and 89% and 57%, respectively, in the surgical group (P=.30) (Figure 1) . The 1-year and 3-year disease-free survival rates were 52% and 33%, respectively, in the percutaneous group and 52% and 22%, respectively, in the surgical group (P=.21) (Figure 2) . Table 6 shows the follow-up data of patients with medium HCC. The complete tumor ablation rate was 95% in the percutaneous group and 92% in the surgical group after a single session of RFA (P=.65). One patient in the percutaneous group had incomplete ablation of the initial tumor, whereas another 3 patients had new tumors at 1 month post-RFA CT scan. Further treatment of residual tumors was offered in 3 patients and consisted of repeated RFA in 1 patient and chemoembolization in 2 patients. The remaining patient was not treated because of poor liver function. Similarly, 4 patients in the surgical group had incomplete tumor ablation, while another patient was found to have a new tumor. All patients underwent retreatment with repeated RFA (n=2), chemoembolization (n=1), hepatic resection (n=1), or ethanol injection (n=1).
After a mean follow-up of 18 months, 13 patients (52%) in the percutaneous group and 23 patients (48%) in the surgical group developed recurrence (P=.46). There was a trend toward a higher incidence of intrahepatic recurrence (52% vs 44%) and distant metastases (12% vs 6%) with percutaneous RFA, but the difference was not statistically significant. Table 6 shows the distribution of recurrent HCC in both groups.
The 1-year and 3-year overall survival rates were 81% and 42%, respectively, in the percutaneous group, significantly worse than those of 92% and 68%, respectively, in the surgical group (P =.03) (Figure 3) . There was also a trend toward higher 1-year and 3-year diseasefree survival rates in the surgical group (54% and 19%, respectively) compared with the percutaneous group (29% and 0%, respectively) (P=.35) (Figure 4) .
COMMENT
Radiofrequency ablation has gained much enthusiasm in the modern management of unresectable liver tumors. The main advantages of RFA include low morbidity and mortality, effective tumor ablation in few treatment sessions, and preservation of maximal normal liver paren- chyma. This is particularly important for patients with HCC, who often have limited functional liver reserve as a result of underlying cirrhosis. Radiofrequency ablation has been shown by prospective randomized trials to be superior to ethanol injection for treatment of HCC. [31] [32] [33] Radiofrequency ablation for HCC can be performed by percutaneous or surgical approaches, with advantages and disadvantages to each approach. The percutaneous approach is the least invasive, and it can be performed as an outpatient procedure with a short hospital stay and low cost. However, it is associated with lower accuracy in cancer staging, poor accessibility in certain areas of the liver, and risk of injury to surrounding organs. The advantages of the open surgical approach include better cancer staging with intraoperative ultrasonography, accessibility to tumors in all areas, and avoidance of adjacent organ injury. The ability to palpate the tumor and mobilize the liver to allow an optimum position for electrode insertion are also advantages of the open approach that might increase the accuracy of ablation. The main limitations of the open approach are its invasiveness, with increased morbidity and longer hospital stay and recovery time. The laparoscopic approach is less invasive but it achieves similar objectives as the open approach. Hence, we included a small number of cases of laparoscopic RFA in the surgical group for analysis. Currently, available laparoscopic ultrasound probes and RFA electrodes are not adequately flexible. Technical difficulty in treating tumors at the dome and in deep locations limited the use of the laparoscopic approach to a small proportion of patients in our series.
A recent meta-analysis suggests that open RFA may be superior in achieving local tumor control compared with the percutaneous approach. 29 However, the authors did not consider the approach performed in relation to the size of the tumor. In the present study, we analyzed the impact of the RFA approach in relation to tumor size in patients with HCC.
The first large clinical experience with RFA was reported by Rossi et al. 34 They used the percutaneous RFA approach for patients with HCC, including some with resectable tumors. Their results in 39 patients were encouraging: only 1 minor complication, 5% local recurrence, and 40% 5-year survival. A growing body of literature in recent years suggests that RFA is a safe and effective approach for small unresectable HCC. [10] [11] [12] [13] [14] The results of our current study also suggest that in patients with small HCC, a similar complete tumor ablation rate, overall survival, and disease-free survival can be achieved by either the percutaneous or surgical approaches. However, the incidence of postoperative complications, postoperative hepatic dysfunction, intensive care unit stay, and duration of total hospital stay were significantly higher with the surgical approach. These results indicate that the "trauma of access" is a significant factor of morbidity in patients with small HCC. For patients with small HCC, our data suggest that the percutaneous approach is preferred, and the surgical approach should be selected only when the percutaneous route is not feasible.
Recent advances in RFA technology have enabled clinicians to use RFA for larger tumors. [18] [19] [20] There is controversy regarding the choice of approach for HCC larger than 3 cm in diameter. 25, 29 Many recent studies have suggested that percutaneous RFA is safe and technically feasible for medium and large HCC, but there is a lack of data on the long-term survival of patients with HCC treated with percutaneous RFA in comparison with the surgical approach. In a study by Livraghi et al, 18 114 patients with medium or large HCC underwent percutaneous RFA using cool-tip electrodes. Despite a low incidence of major complications, the complete tumor ablation rate was only 47%. Tumor size and morphology were the determinants of treatment failure in that study. In a similar study by Guglielmi et al, 19 53 patients with HCC underwent percutaneous ultrasonography-guided RFA using expandable electrodes. Complete tumor ablation after a single session was 74% and 34% for medium and large HCC, respectively, and was significantly lower than that for small HCC (91%). In a previous study from our institution, 20 the complete ablation rate was 94% for small HCC and 91% for medium and large HCC, but the majority of patients with medium and large HCC received surgical RFA.
In the current study, the complete tumor ablation rate was 95% with the percutaneous approach and 92% with the surgical approach in patients with medium HCC. During the follow-up, there was a trend toward a higher intrahepatic recurrence as well as extrahepatic metastases in the percutaneous group compared with the surgical group. The most important aspect of our results is the long-term survival. The overall 1-year and 3-year survival rates were significantly superior in the surgical group. There was also a trend toward a higher disease-free survival rate in the surgical group.
While the result of the surgical group seemed to be better than the percutaneous group, the disease-free survival for either RFA approach for medium HCC was far from satisfactory. Some of the patients who underwent RFA in this study were potential candidates for liver transplantation. However, they opted for RFA because a cadaveric graft is rarely available in Hong Kong, and the patients either refused to accept a live-donor transplant or they did not have voluntary live donors. In Western countries where cadaveric grafts are more readily available, liver transplantation is definitely a preferred treatment with superior survival results. 8 Instead, RFA may be useful as a bridge therapy for tumor control before a cadaveric graft is available. In this study, we included some patients with resectable HCC who were randomized to RFA treatment. The RFA approach in these patients was selected according to tumor site, similar to those with unresectable HCC. Whether RFA can replace resection for small HCC is currently a controversial issue. A nonrandomized prospective study suggested that resection is superior to RFA in long-term survival. 35 However, a recently reported randomized trial showed that RFA can achieve similar long-term overall and disease-free survival compared with resection. 36 Further data from randomized trials, including one that our group is conducting, are needed to clarify the role of RFA vs resection.
The findings of our study are significant in view of the current controversy in the approach for RFA. Nearly all authors agree that tumor size is an important determinant of outcome after RFA, but there is no consensus on the treatment approach in relation to tumor size. There are several advantages of the surgical approach that might contribute to the superior outcome of patients with open RFA of medium HCC in our study. First, the surgical approach allows placement of electrodes without any restriction to ensure an adequate margin on all sides of the tumor, but this may not be feasible with the percutaneous approach because of a narrow intercostal space, as reported by Livraghi et al. 18 Second, even with cluster electrodes, multiple overlapping ablation zones may still be required for medium HCC to ensure an adequate margin, which might be difficult to achieve with a percutaneous approach. The surgical approach allows free insertion of the electrode at different angles, with mobilization of the liver, if necessary. Third, accurate placement of the needle tip in the deep margin of the tumor can sometimes be aided by palpation in superficial tumors in the open approach. Finally, larger tumors more frequently have irregular borders and satellite nodules as compared with small tumors, 18 and these might be better delineated by intraoperative ultrasonography as compared with preoperative imaging. 29, 37 All these factors might contribute to a better long-term survival after open RFA even though the initial complete ablation rate appeared similar to that of percutaneous RFA. In the present study, we have not evaluated the efficacy of open vs percutaneous RFA for tumors greater than 5 cm. The indication for RFA for such large tumors is still controversial, and our experience with RFA in HCC greater than 5 cm is limited to 12 cases, all performed using the open approach. The low complete ablation rate for percutaneous RFA for such tumors reported in the literature 18, 19 suggests that RFA should be performed using the surgical approach.
The results of our study suggest that tailoring the appropriate surgical approach on a patient-by-patient basis in relation to tumor size, number, anatomical location, and morphology is warranted. In the light of the results of our study, the percutaneous approach is still recommended for small HCC. For medium HCC, however, the surgical approach achieved a better long-term survival and may be the preferred approach if patients can tolerate the trauma of surgical access. The incidence of postoperative complications and hepatic dysfunction after RFA with the surgical approach was comparable with that of the percutaneous approach in patients with medium HCC, indicating that trauma of access becomes less important as the volume of tumor ablation increases. The search for minimally invasive techniques is laudable, especially if it improves the short-term outcome without compromising cure. However, in patients with malignant diseases, long-term survival and cure are more important than invasiveness and immediate morbidity. This should also be the guiding principle in choosing an RFA approach for patients with HCC.
Our current study is not a randomized trial, and the results of our study should be viewed in terms of their weaknesses. Among the patients with medium HCC, the surgical group was younger than the percutaneous group and the mean tumor size was significantly higher in the surgical group, reflecting a selection bias. Nonetheless, despite having bigger tumor size, the surgical group had better longterm survival, suggesting that this approach achieves superior tumor control. To our knowledge, this is the first study that highlights the impact of treatment approach in relation to tumor size on the long-term survival of patients with HCC.
In conclusion, our study suggests that the percutaneous route is the preferred approach for RFA for small HCC. It results in a similar complete tumor ablation rate and overall and disease-free survival as the surgical approach but with a lower complication rate and shorter hospital stay. For medium HCC, the surgical approach seems to achieve better tumor control and overall survival and may be the preferred approach if the patient can safely tolerate the procedure. Further studies with randomized trials are required to validate the results of our current study. 
